Abstract
Introduction
The eye is one of the most important sensory organs of the human body. The human eye is an almost spherical elastic organ with spatial elastic support. The properties of its components are always considerably age-related. There are several studies and numerical investigations which dealt with these subjects: Abolmaali et al. (2007) [1] , Burd et al. (2002) [7] and Liu et al. (2006) [16] . The biomechanical model of a human eye consists of two basic systems: cornea-sclera with the ciliary muscle and crystalline lens. Each of the two systems is modelled separately due to their different purposes, but the complex modelling of the human eye is rare, despite of the fact that the surrounding parts can influence the results, such as the elastic bearing with the fatty tissue.
We have built a complex three dimensional finite element model which contains the biologically and mechanically required parts for biomechanical analysis that we want to analyse.
In this paper we do not use all the advantages of the complexity of our model, we only want to show one field that we can analyze with it. But we emphasize that it is unequivocal that if we want to analyze, for instance, the movement of nonsymmetric intraocular lens implantation or effects of blunt eye injuries, the 3D model is already indispensable.
We have examined in this paper the accommodation problem based on the classical Helmholtz theory according to the age-related changes in geometry and materials. We note that there are several controversial other theories for accommodation (Schachar, Coleman, etc.), but based on the doctors' opinion from Semmelweis University, Department of Ophthalmology and other specialists (Burd et al.) [7] we accept the classical Helmholtz theory and we do not wish to go into the possibilities of applying different theories and debates. We describe the essence of Helmholtz theory later.
To understand the problem, we have to discuss very shortly what the accommodation of the human eye is. To answer this question we have to look over the main parts of the eye: these are the sclera, the cornea, the ciliary muscle, the zonular fibres and the crystalline lens with nucleus, cortex and capsule (see Figure 1) . Based on the Helmholtz theory the ciliary muscle contraction causes the lens to thicken and change their shape (Hartridge (1925) ) [11] , during this process the tension in zonular fibres reduce. It allows us to see objects closely (see Figure 2) , this is the accommodation process. When we are young, our crystalline lenses are soft and flexible, so they are able to change their shape easily, allowing focusing on objects both close and far away. Around the age of 40, our crystalline lenses become less flexible (more rigid, with higher Young's modulus) what make it more difficult to see close. We call this phenomenon presbyopia ("aging eye"). The total amplitude of accommodation (accommodation width) is the difference between the lens diopter when we are seeing near and the lens diopter when we are seeing far. The central optical power (COP) is the diopter of the lens in its optical axis. We can calculate the optical power based on the conventional lens formula (equation (1)) to determine the diopter of the crystalline lens.
where n l -the refractive index of the lens -is assumed to be around 1.44, but it is age-related (see Figure 3) ; n p -the refractive index of the aqueous humour and the vitreous body -is assumed to be 1.336, Abolmaali et al. (2007) [1] , Burd et al. (2002) [7] ; r a and r b are the anterior and posterior radii of curvature; and t is the thickness of the lens. [17] With the help of numerical analyses -based on finite element method -we will show the connection between the age-related parameters and the amplitude of accommodation. The varied parameters are the geometry, the material properties and the refractive index. These applied data are mostly based on literature values. Finally, the calculated values will be compared to measurement results of Tsorbatzoglou et al. (2007) . [21] 2 Materials and methods Numerical simulations are carried out with the ANSYS Mechanical APDL code. Our three-dimensional complex continuum model contains the following anatomical parts of the eye: sclera, cornea, ciliary body, the lens with its three parts (lens nucleus, lens cortex and capsule), aqueous humour, vitreous body, zonular fibres and the supporting fat tissue (see Figure 4) . The geometric and material properties are rather age-related. The applied geometric and material properties are based on several works: Abolmaali et al. (2007) [1] , Burd et al. (2002) [7] , Liu et al. (2006) [16] , Krag et al. (1997 Krag et al. ( , 2003 [13, 14] , Levin et al. (2011) [15] , Power (2001) [18] , Strenk et al. (1999) [20] and Fisher (1969 Fisher ( , 1971 Fisher ( , 1977 [8] [9] [10] .
Geometry
In Figure 5 , we can see the basic geometric dimensions of section of the human eyeball. Table 1 and Figure 6 show the various geometric parameters, and Figure 7 shows the applied Per. Pol. Civil Eng. The thickness of the lens capsule is changing too with aging, Krag et al. (1997) [13] , see Table 2 .
The ratio between the estimated amount of anterior, central and posterior zonular fibers are 6:1:3, Burd et al. (2002) [7] , Liu et al. (2006) [16] so we have used the thicknesses based on Table 3 . 
Materials
There are fewer publications about material properties than on geometric parameters because the exact in vivo measurements of these materials are not as easy as measuring the geometry (PCI, MRI, Pentacam, etc.), sometimes even impossible. So we applied linear elastic, isotropic material models, because based on our opinion, it is appropriate for global analyses in this case.
We consider the changing in Young's modulus of the lens cortex, nucleus and capsule. These parameters are shown in Table 4 and 5, and Figure 8 . The data of Figure 8 are based on equation (3) from Fisher (1971) [9] , where E N is the Young's modulus of nucleus and E C is the Young's modulus of cortex. Table 5 shows that the Young's modulus of the cortex, nucleus and capsule are getting higher with aging, so the lens and its components become more rigid.
We note that the range of initial Young's modulus of cornea and sclera is wide, based on the literature (see Fig 9) . In section 3, we show that the tendency of the results is the same when we applied lower elastic modulus for the sclera and cornea (seven times lower than the Young's modulus in Table 4 , based on the work byŚródka et al. (2011) [19] ).
Calculations
We applied shell elements (SHELL281) for zonular fibres and lens capsule because the thicknesses of these parts are negligible compared to the other considered parts. Volume elements (SOLID186) were used for the rest of the parts (see Figure 4) . We applied an axisymmetric tensile force on zonular fibres through the ciliary muscles (see Figure 10 ) Bocskai and Bojtár (2012) [4] , so we stretched the lens from the accommodated state to the unaccommodated state (see Figure 11 ). As a boundary condition, we set zero displacements on those nodes, which are lying on the supporting surface at the border of the fatty tissue (see Figure 4) . With this complex numerical model we can analyse different problems, for instance, the accommodation of the human eye or effects of the refractive eye-surgeries and traumas, where the corneal thickness reduces as consequence of refractive surgery, therefore the intraocular pressure induces changes in the corneal curvature, or it could damage the cornea, and so on.
To analyse the accommodation process we need to have the diopter of the lens in different ages in different states (accommodated, unaccommodated power (COP), we used a polynomial regression on the nodal coordinates in the symmetry plane of the lens in deformed and undeformed states. With this polynomial function we can define the radii of curvature in the optical axis. The curvature has been calculated based on the following well-known equation:
The reciprocal of the curvature is the radius of curvature. Based on equation (1) and equation (4) the amplitude of accommodation is definable.
Results
We analyzed the amplitude of accommodation with aging. The central optical power (COP) has been calculated in four different cases. In all four cases and in all ages the intensity of the stretching force was the same, Fisher (1977) [10] but the material properties of the lens nucleus, cortex and capsule, and the thickness of the capsule were diverse in these periods. In the first case we assumed that the lens geometry and the refractive index of the lens are constant in all ages, so only the material parameters and the thickness of the lens capsule were variable. In the second case the geometry was the same in every age, but we take into consideration that the refractive index and material properties are changing. In the third case the geometry of the lens cortex and nucleus were age-related, but the refractive index remained constant, and in the fourth case both the lens geometry and the refractive index of the lens were age-related. In Figure 12 Figure 12 and 13 also shows the changes in lens thickness with increasing age, (Figure 12 belongs to case 1 and 2; and Figure 13 belongs to case 3 and 4). Because the crystalline lens becomes less flexible (more rigid), the changes in lens thickness are increasing due to the complex model, boundary conditions and loads. We calculated the central optical power (COP) of the lens with the initial geometry and with the deformed shape (in accommodated and unaccommodated states). In Figure 14 , we can see the alteration of diopter in accommodated and unaccommodated situations in all four analysed cases.
Fig. 14. The diopter of the lens in different cases
In case 1, because the initial geometry (accommodated state) was the same in each analysed age, and the refractive index was constant, we can see different optical power only in unaccommodated states (as shown in Figure 14 ). In case 2 we consider that the refractive index decreases with aging, but the geometry was the same as in case 1, so we can see that the diopter of the lens in accommodated and unaccommodated states are smaller, than in case 1.
In case 3, we considered that the lens is getting thicker with aging Strenk et al. (1999) [20] , Levin et al. (2011) [15] , and its curvature is getting larger. As we can see in Figure 14 , the diopter of the lens increases during aging in accommodated and unaccommodated states too (case 3). This is what we call "lens paradox", Moffat et al. (2002) [17] .
To resolve this paradox we analysed case 4, where we calculated the optical power of the lens based on the fact that the lens thickens, and the refractive index decreases with aging. We can also see these results in Figure 14 . In case 4 the initial values of diopter are the same as in case 3, and the final values are the same as in case 2 as expected.
It should be noted, that in Figure 11 , we can see that during the accommodation, the corneal curvature is changing too. Akihiro et al. (2003) [2] corroborate this effect based on clinical measurements.
Discussion and Conclusions
With the results of the previous chapter, we can calculate the amplitude of accommodation if we subtract the diopter of unaccommodated state from the diopter of accommodated state. Based on the finite element and optical calculations, our numerical results in all examined cases confirm that the amplitude of accommodation (∆COP) reduces with aging (see Figure 15) .
Considering that the refractive index of the crystalline lens decreases with increasing age Moffat et al. (2002) [17] , Borja et al. (2008) [5] , and the thickness of the lens is increasing Strenk et al. (1999) [20] , the most accurate calculation is case 4.
We can say that the accommodation width (amplitude of accommodation) is getting worse if we consider the decreasing of the refractive index of the lens (case 2 and case 4). The decreasing tendency of the amplitude of accommodation is based on numerical and optical calculations, and is shown in Figure 15 . We demonstrated that beside the age-related material and geometric properties, the effect of the refractive index of the lens is also important (Figure 15) . If we compare our numerical results with values measured by Tsorbatzoglou et al. (2007) [21] based on defocusing technique, we obtain the following diagram (see also Figure 15 ). Subjects were divided into 3 age groups: younger than 30 years (Group 1), between 31 years and 44 years (Group 2), and older than 45 years (Group 3). The youngest subject was 16 and the oldest was 71 years old. We can find good agreement in the tendency of the amplitude of the accommodation between our numerical calculations and the measured results.
Based on this information, we established that at the analyses of accommodation not only the age-related material and geometric properties, but the age-related optical parameters are important with the same weight, and so we can understand the "lens paradox" easily. We also note that we considered in the calculation of the central optical power only the effects of the lens, the vitreous body and the aqueous humour, and the refractive index of the lens was assumed to be constant along the optical axis.
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